Here, we show that CTXf integration directly uses the (+) ssDNA genome of the phage as a substrate. The two dif-like sequences present on the (+) ssDNA genome and the 90 bp sequence separating them fold into a double-forked hairpin, which unmasks a new Xer recombination site. We show that XerCD can recombine this target with dif1 and dif. Only one strand exchange is performed. It is mediated by XerC catalysis. This new integration strategy explains the complex structure of the integration region found on the replicative form of the phage. It also explains why the prophage cannot be excised from its host genome, as expected from in vivo observations. tween this target site and dif2, in which the T nucleotide immediately 3# to the XerC cleavage site is replaced by a C that cannot pair properly during strand exchange (data not shown).
Results

Integration Only Requires XerC Catalysis
To further confirm the model of Figure 3 , recombination products between attP (+) ssDNA and dif were analyzed after denaturation. As shown in Figure 4C , only radioactivity carried by difred was transferred, demonstrating that the XerC strand of dif is exchanged but not the XerD strand. To prove that it is also the XerC strand of attP (+) ssDNA which is exchanged, we analyzed the recombination products obtained using the attP1 probe ( Figure 1D ) and a supercoiled plasmid carrying dif. The attP1red oligonucleotide was labeled either on its 5# end or on its 3# end. The topology of the recombination product was tested under nondenaturing conditions and found to be relaxed ( Figure 4D , n lanes). After denaturation, radioactivity stayed shifted ( Figure 4D , d lanes). Taken together, these results suggested that recombination between dif and attP (+) ssDNA leads to the formation of a HJ and that only XerC catalysis is required during the process. This was confirmed using a catalytically inactive mutant of XerD, XerDYF, in which the catalytic tyrosine has been replaced by a phenylalanine ( Figure 4E ). However, no recombination was observed in the absence of XerD or XerDYF, suggesting a role for XerD in synapse formation and/or control of catalysis.
Correct Folding of attP (+) ssDNA Is Required for Integration
A crucial element of the integration strategy depicted in Figure 3 is that the ssDNA substrate of integration must fold into a stem-loop structure, creating a small region of duplex DNA that is the target of the site-specific recombinases. A complementary base change study was performed to prove this point. We created a mutant version of attP1, in which base substitutions C to make it a perfect homolog of dif1; finally, the GAGG nucleotides at the end of the XerD binding site were replaced by the AAAT nucleotides present in dif1. Reradioactively labeled ( Figure 4A ). Following recombination, the short dif probe and the longer recombination combination between dif and attP2 was suppressed ( Figure 4F, attP2) . However, when the complementary products were separated by agarose gel electrophoresis. As predicted in the scheme shown in Figure 3 of the attP region, we performed a base change complementation study. To achieve this, we cloned in the To prove that the V. cholerae recombinases can use attP (+) ssDNA to promote the integration of CTXf into conjugative vector a shorter dsDNA region of the prophage around attP (attP1, starting 2 bp before the first dif1 inside a bacteria, we created E. coli strains lacking XerCD or expressing in their place the V. cholerae orXerC binding site and ending 4 bp after the second XerC binding site shown in Figure 1B ) so that mutations thologs, a strategy that had already been successful for the study of H. influenzae Xer recombination (Yates et could be easily introduced by PCR directed mutagenesis. We then created a vector carrying mutations equival., 2003). dif1 was cloned in a multicopy plasmid and introduced in these recipient strains. A dsDNA region alent to these of attP2 and attP3 (see Figure 4F ). As predicted, no specific integration was observed using of the prophage encompassing the attP site (starting 35 bp before the first XerC binding site and ending 44 a conjugative vector carrying the attP2 site, but integration was recovered with vectors carrying the attP1 bp after the second XerC binding site shown in Figure  1B ) was cloned in both orientations in a conjugative and attP3 sites (Table 2) . Finally, specific integration of a vector carrying the vector that cannot be replicated in the recipient cells, so that either the (+) or (−) strand of attP would be attP (+) ssDNA could still be observed in a strain lacking XerD but expressing the catalytic XerDYF mutant, transferred during conjugation depending on the orientation. After conjugation, the frequency of recombinants further demonstrating that only the catalytic activity of XerC is required for integration (Table 2) . between the transferred attP ssDNA and the dif1-containing plasmid was assessed by plating on appropriate selective media. The specificity of integration into the Discussion target site was examined by PCR and by sequencing. As shown in Table 1 , attP (+) ssDNA could be integrated Single-Stranded DNA Integration Mobile DNA elements and viruses often encode recominto dif1 by the action of the V. cholerae or the E. coli recombinases. Importantly, no specific integration was binases or make use of host recombination systems to Results are from three independent in vivo conjugation assays. The E. coli recipient strains were derived from a recF, pir, xerC::Gm ssDNA, is masked in the dsDNA prophage, and neither of the two dif-like sites of the prophage is a good candiof strand exchanges by XerC and XerD would create an abortive structure, which would linearize the bacterial date for an exchange reaction with dif1 ( Figure 5A ). In Results are from at least two independent in vivo conjugation assays. The E. coli recipient strain was created by P1 transduction of the xerD::Km R allele of strain DS9008 into an F-derivative of TG1. It carried a multicopy vector containing dif1, a copy of the E. coli xerC gene, and a copy of the E. coli xerD (wt) or xerDYF (YF) gene tandemly expressed from the xerC promoter. (+) and (−): as in Table 1 . 1: attP1, a shorter region surrounding attP (starting 2 bp before the first XerC binding site and ending 4 bp after the second XerC binding in Figure 1B ) transferred in the (+) orientation; 2 and 3: attP2 and 3 variant sites (see Figure 4F ) transferred in the (+) orientation. features for direct ssDNA integration into dif ( Figure  5B) , and respectively integrated in the genome of pathogenic isolates of E. coli that are responsible for meningitis and in the genome of Yersinia pestis (Gonzalez et  al., 2002) .
A secondary structure formed by ssDNA could also be the substrate for recombination reactions of mobile DNA elements that do not use XerCD. Indeed, the class I integron integrase IntI1, which catalyzes the integration of gene cassettes bordered by attC sites into attI sites, preferentially binds single-stranded attC sites (Francia et al., 1999; Johansson et al., 2004) , and in vivo data strongly support an insertion model that only involves one strand of attC under stem and loop structure (M.B., G. Demarre, and D. Mazel, submitted) . Finally, it is tempting to speculate that other mobile DNA elements could have adopted an integration strategy based on ssDNA. This could be the case for some of the various genetic elements gathered in the conjugative transposon family, for which ssDNA is part of the natural life cycle, with necessary consequences for our understanding of horizontal gene transfer and for the analysis of genomes in general.
Experimental Procedures
Proteins and In Vitro Substrates dif, dif1, and attP short synthetic substrates were obtained by annealing complementary oligonucleotides that were purified by PAGE. T4 DNA polynucleotide kinase and [γ- 
